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In the developing chick hindlimb, path®nding by sensory axons is affected by their interactions with other axons entering
the limb. Cell adhesion molecules (CAMs) expressed on the growing axons are likely to in¯uence these interactions.
Accordingly, to elucidate how CAMs affect sensory axon path®nding, we injected antibodies that block the functions of
NCAM, G4/L1, or N-cadherin into the hindlimb, starting at St. 25, when all motoneuron axons but only a few sensory
axons had entered the plexus. In each case, the segmental pattern of projections was assessed 2±3 days later by retrogradely
labeling individual peripheral nerves. With all perturbations, the gross anatomical nerve pattern developed normally; that
is, some sensory axons formed cutaneous nerves while other sensory axons projected to muscles. However, the segmental
pattern of sensory projections was changed when either G4/L1 or N-cadherin function was blocked in that fewer sensory
axons crossed the anterior±posterior axis of the plexus. A likely reason for this effect is that anti-G4/L1 and anti-N-cadherin
each decreased the amount of fasciculation and that sensory axons are less able to travel across the plexus when they are
defasciculated. Anti-G4/L1 affected both cutaneous and muscle sensory projections while anti-N-cadherin affected cuta-
neous but not muscle sensory projections, in accord with known differences in the expression of these two CAMs on
sensory and motoneuron axons. Although anti-NCAM did not appear to alter sensory projections, when polysialic acid
(PSA) was enzymatically removed from NCAM, there was a marked increase in cutaneous projections from the most
proximate DRG, although muscle sensory projections were unchanged. PSA removal may cause an increase in fasciculation
that forces sensory axons to track along neighboring axons. Thus, without PSA, cutaneous axons project more in accord
with the relative anterior±posterior positions they had as they entered the plexus. Taken together, these studies suggest
that axonal fasciculation mediated by CAMs and regulated by PSA in¯uences the ability of sensory growth cones to
navigate through the plexus and project along the correct peripheral nerves. q 1996 Academic Press, Inc.
INTRODUCTION axonal interactions must be particularly important in
higher vertebrates, where individual growing axons typi-
cally are accompanied by thousands of other axons follow-A remarkable feature of the developing nervous system is
ing the same route and encounter large numbers of axonsthe ability of axons to grow selectively along the appropriate
following intersecting routes. However, relatively little ispathways. One type of in¯uence on a growth cone is its
known about how interactions among axons in¯uence path-interactions with other growing axons. For example, work
®nding decisions in most parts of the vertebrate nervouson the developing insect nervous system has shown that
system.growth cones often fasciculate successively along a series
In the experiments reported here, we have begun to ex-of different axon bundles, as they trace out their ultimate
plore how cell±cell interactions mediated by cell adhesiontrajectory (Raper et al., 1983). One would expect that such
molecules (CAMs) in¯uence the path®nding decisions
made by sensory axons innervating the chick hindlimb.
These axons intermix with motoneuron axons originating1 To whom correspondence should be addressed.
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from the same segment as the axons course distally together ever, speci®c removal of polysialic acid (PSA) from NCAM
(Rutishauser et al., 1985), which has been shown to result inin one of eight lumbosacral spinal nerves. Axons from sev-
eral spinal nerves converge at the base of the limb to form enhanced axon±axon interaction (Landmesser et al., 1990;
Acheson et al., 1991), also interfered with the ability ofthe crural plexus, anteriorly, or the sciatic plexus, posteri-
orly. More distally, the axons diverge to grow along separate sensory axons to navigate properly through the plexus.
peripheral nerves to reach their targets. Within each plexus,
axons cross each other as those axons that will project along
one peripheral nerve sort out together and become segre- MATERIALS AND METHODS
gated from axons that will project along other peripheral
nerves (Lance-Jones and Landmesser, 1981; Honig, 1982).
In ovo injections. White Leghorn chick embryos were incu-Pathway selection occurs correctly, with both motoneuron
bated for 2±3 days, at which time a window was made in the shelland sensory axons making few if any errors as they grow
overlying the embryo and then sealed with Scotch transparent tape,
(Landmesser, 1978b; Lance-Jones and Landmesser, 1981; before the egg was returned to the incubator. At St. 24±25 (Ham-
Honig, 1982; Scott, 1982). Most sensory axons enter the burger and Hamilton, 1951), the lateral surface of the right hind-
limb after motoneuron axons do, and even the very ®rst limb was exposed and antibody or enzyme solution was pressure-
sensory axons to extend grow out in an environment domi- injected at several sites in the anterior part of the thigh, where the
crural plexus is located, using a micropipette with a 10- to 15-mmnated by motoneuron axons (Landmesser and Honig, 1986).
diameter tip. A total of 0.2±0.5 ml of solution was injected intoWhen motoneurons are removed before axons grow into the
each hindlimb. The extent of the injection was visually monitoredlimb, sensory axons that normally project to muscles are
by the presence of trypan blue, which had been added at a ®nalunable to and instead project along cutaneous nerves (Lan-
concentration of 0.05% to the solution. Embryos injected with anti-dmesser and Honig, 1986). Further, the segmental pattern of
bodies were injected again on the following day.sensory projections typically mimics that of the underlying
The antibodies used were monovalent Fab fragments of rabbit
motoneurons, both in normal embryos (Honig, 1982) and polyclonal antibodies that were prepared against the respective af-
after a variety of experimental manipulations (Honig et al., ®nity-puri®ed antigens and whose speci®city has been previously
1986; Scott, 1986). These observations have suggested that described (Landmesser et al., 1988; Zhang et al., 1992). Because the
the trajectories sensory axons follow in the plexus region antibodies diffuse throughout much of the limb and may also be
partially removed by the circulation, they were used at 20 timesare in¯uenced by the interactions sensory axons have with
the concentration needed for maximal effects in tissue culturemotoneuron axons. However, little is known about the cel-
assays. Anti-NCAM and anti-N-cadherin were at 22 mg/ml andlular and molecular nature of these interactions or even
anti-G4/L1 was at 9 mg/ml; these concentrations of anti-NCAMprecisely when and where motoneuron and sensory axons
and of anti-G4/L1 alter the pattern of motoneuron intramuscular®rst interact. It is also possible that sensory axons interact
branching when they are injected into the limb at older stages thanwith other sensory axons, but this has not been extensively
here (Landmesser et al., 1988). Control embryos received injections
explored. of nonimmune rabbit Fab fragments, at a concentration of 22 mg/
Given the evidence implicating axonal interactions in ml. Other embryos were injected with the enzyme endoneuramini-
sensory axon path®nding, we sought to elucidate how differ- dase N (endo N), which speci®cally cleaves PSA from NCAM (Vimr
ent CAMs may mediate the interactions that occur in the et al., 1984; Rutishauser et al., 1985; Landmesser et al., 1988). Endo
N was injected once, at St. 25, and at a concentration of 30,000 U/plexus region. We have started by focusing on NCAM, G4/
ml; under these conditions, PSA is completely removed from theL1, and N-cadherin, each of which is expressed on growing
limb for at least 4 days (Tang et al., 1992, 1994).sensory axons as well as on motoneuron axons (Thiery et
Immunohistochemistry. To determine the distribution of theal., 1982, 1985; Daniloff et al., 1986; Tosney et al., 1986;
injected antibodies, some embryos were ®xed 2 hr to 2 days afterHatta et al., 1987; Honig and Kueter, 1995). The approach
injection in 4% paraformaldehyde/10% sucrose/0.1 M phosphatewe have taken has been to inject antibodies that block the
buffer. These embryos were subsequently cryostat-sectioned hori-
function of those three CAMs directly into the hindlimb. zontally at 30 mm and the sections were processed for immuno¯u-
This approach has previously revealed how CAMs in¯uence orescence. To visualize the injected anti-CAM antibody, an anti-
motoneuron axon growth (Landmesser et al., 1988, 1990; rabbit secondary antibody conjugated to TRITC (Jackson) was used.
Tang et al., 1994) and has the advantage that the functional Axons in the same sections were visualized using a mouse mono-
clonal antibody that recognizes neuro®laments (3A10, generatedblockade can be targeted to the region of interest, and at
by Jessell and Dodd and obtained from the Developmental Studiesthe desired developmental stages. In these experiments, be-
Hybridoma Bank) in conjunction with an anti-mouse secondarycause we wanted to interfere as little as possible with moto-
antibody conjugated to FITC (Cappel). To visualize the extent ofneuron path®nding, we started the injections at St. 25. By
the area affected by endo N injection, sections were reacted withthis time, all motoneuron axons but only a few sensory
the 5A5 monoclonal antibody, which speci®cally recognizes PSAaxons have entered the plexus (Tosney and Landmesser,
(Acheson et al., 1991) and an FITC-conjugated anti-mouse second-
1985; Landmesser and Honig, 1986) and so sensory axons, ary antibody (Cappel). Some sections from the endo N-injected em-
but not motoneuron axons, should be vulnerable to pertur- bryos were instead reacted with the 5E monoclonal antibody, which
bation. We found that fewer sensory axons crossed the ante- recognizes all forms of NCAM (Watanabe et al., 1986), to identify
rior±posterior axis of the plexus when the function of either nerves and verify that NCAM was still present.
Retrograde labeling. Retrograde labeling was used to assess theG4/L1 or N-cadherin, but not NCAM, was blocked. How-
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pattern of neuronal projections 2±3 days after the embryos were isons. Differences were considered to be statistically signi®cant if
P  0.05.®rst injected. Cutaneous nerves were labeled at St. 29±31 and mus-
Conclusions about the effects of each kind of experimental treat-cle nerves at St. 30±33, because these are the earliest times that
ment were based primarily on comparisons between projection pat-we can consistently label the nerves completely and without a high
terns on the two sides of the experimental embryos. The reasonrisk of dye spreading to other nerves. Each embryo was placed into
for taking this approach was that, normally, projection patternsa bath of oxygenated Tyrode solution, decapitated, and eviscerated,
are nearly identical on the two sides of an individual embryo (seeand a ventral laminectomy was performed to expose the spinal
Results), whereas the exact positions of motoneuron and sensorycord. Either the medial femoral cutaneous (MFCt) nerve or the
neuron pools can be shifted by up to half a segment anteriorlysartorius muscle nerve was exposed proximal to the point where
or posteriorly in different embryos (see also Tyrrell et al., 1990).the nerve enters skin or muscle, respectively. A 10% solution of
However, using the contralateral limb as the control is complicatedrhodamine dextran amine (RDA, lysinated, 10,000 MW, Molecular
by the possible spread of antibody or the removal of PSA contralat-Probes) in 0.01 M phosphate buffer was pressure-injected using a
erally (see Results). Nonetheless, the antibodies/enzyme should bemicropipette with a tip broken off to a diameter of 5±15 mm. Since
present at a much higher concentration, and therefore should beuptake of dextran amines is enhanced by damage (Glover et al.,
more effective, in the injected limb than contralaterally. We there-1986), we injected each nerve at several points along its width, and
fore reasoned that if the experimental treatment affected sensorythen cut the nerve in the middle of the injected area and let the
axon path®nding, the projection patterns in the injected limbsproximal stump sit in a ``pool'' of RDA for several minutes before
should be different than those contralaterally, although these com-removing the excess RDA. This labeling procedure is much more
parisons might lead us to underestimate the true magnitude ofeffective than some we have used in the past and in ideal circum-
the effects produced. Thus, to ensure that we detected all possiblestances allows us to label all the axons in a given nerve. Thus, the
changes produced by the injected antibody/enzyme, we also com-numbers of retrogradely labeled neurons in the embryos in this
pared projections in the experimental embryos with those in nor-study are much higher than in our previous experiments using HRP
mal embryos. For the most part, these comparisons led to similar(Honig, 1982).
conclusions and so, for simplicity, most of them are not presentedTo allow the RDA to be transported, embryos were incubated
here.for 15 ±20 hr at 30 ±327C in fresh, oxygenated Tyrode solution be-
Anterograde labeling. In some embryos, we used double an-fore being ®xed in 4% paraformaldehyde/10% sucrose/0.1 M phos-
terograde labeling to assess projections at St. 29±30. These embryosphate buffer. Embryos were subsequently washed in buffer, cryopro-
were prepared as for retrograde labeling, except that we did nottected, embedded in OCT, and cryostat-sectioned at 20 mm, trans-
expose individual peripheral nerves. On each side of each suchverse to the long axis of the spinal cord. The sections were mounted
embryo, HRP was injected into DRG LS1 while biotinylated dex-directly, in serial order, onto gelatin-subbed or Superfrost/Plus
tran amine (BDA) was injected either into DRG LS3 or into spinalslides (Fisher) and later coverslipped using Fluoromount (Southern
cord segment LS1. The HRP was visualized using a nickel- or aBiotechnology Associates). Labeled sensory and motoneuron cell
cobalt-enhanced DAB reaction and the BDA was visualized usingbodies were counted in every section using an Olympus BHT mi-
a standard DAB reaction. These labeling and reaction procedurescroscope, a 401 objective, and rhodamine optics. Segments were
are described in detail in Veenman et al. (1992).identi®ed using established criteria (Landmesser, 1978a; Lance-
Jones and Landmesser, 1980; Honig, 1982).
Embryos were excluded from analysis if the RDA inadvertently
spread to nearby nerves and/or if one of the spinal nerves was RESULTS
accidentally damaged by the dissection, as was ascertained by ex-
amining the sectioned limbs. In addition, embryos with MFCt
Distribution of Injected Antibodies and of Endo Nnerve injections were excluded if more than 100 motoneurons were
labeled; this would have occurred if intramuscular nerve branches To determine the extent of the area affected by the in-
near the injection site were inadvertently damaged by the dissec- jected antibodies, we stained sections from injected em-
tion and took up the RDA. Finally, we excluded embryos in which
bryos with a ¯uorescent antibody against rabbit immuno-the number of labeled neurons on one side was 55% of that on
globulin. In embryos sacri®ced a few hours to 1 day afterthe other side. We did this because in these cases we might have
anti-CAM injection, the crural plexus, the peripheral nervesfailed to label one part of a nerve and, if axons from different seg-
beginning to arise from it, and spinal nerves LS1±3 werements are topographically arranged within individual peripheral
intensely labeled (Fig. 1). In limbs injected with anti-N-nerves, in such a situation the distribution of retrogradely labeled
neurons would not accurately represent the true segmental projec- cadherin or with anti-NCAM, muscle cells were also la-
tion pattern. However, it should be noted that it is unlikely that beled, as expected because these two CAMs, but not G4/
we would have systematically failed to label the same part of a L1, are expressed by developing muscle (e.g., Tosney et al.,
given nerve in all the experimental limbs of a given type, and so 1986; Hatta et al., 1987). The injected anti-CAM antibodies
even if some embryos with partial nerve labeling were still in- usually spread into the posterior part of the thigh, as indi-
cluded, this could not account for the changes in segmental projec- cated by the labeling of the sciatic plexus and the spinal
tion patterns described under Results.
nerves contributing to it, and in some embryos, light stain-The number of labeled cells in each DRG or spinal cord segment
ing was detected contralaterally. By 2 days after antibodywas expressed as a percentage of the total number of labeled DRG
injection, labeling intensity was clearly decreased. There-or spinal cord neurons, respectively, on that side of the embryo.
fore, to provide a more continuous antibody blockade, em-These percentages were compared to the corresponding percentages
bryos used for assessing projections were injected with anti-for the contralateral side or for a series of normal embryos, using
an analysis of variance for repeated measures with planned compar- bodies on at least a daily basis.
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FIG. 1. Localization of injected anti-CAM antibodies in the limb. These photomicrographs are of sections from an embryo that was
injected with anti-G4/L1 and sacri®ced 2 hr later. The sections were labeled with an anti-rabbit secondary antibody conjugated to rhodamine
to reveal the distribution of the anti-G4/L1 antibody. (A) This low-power view of the limb shows intense labeling of the crural nerve
trunk (large arrow) and lighter labeling of spinal nerves LS4±8, which are seen converging in the sciatic plexus (*). Spinal nerves LS1±3,
which converge in the crural plexus, are not present in this particular section. Note that the intensity of labeling diminishes with increasing
distance from the anterior part of the thigh. The small arrows indicate labeling along the micropipette track. (B) The same section was
viewed with ¯uorescein optics to visualize all nerves in the section, which were labeled using an anti-neuro®lament antibody. Note that
all nerves in the anterior thigh, as shown in B, are intensely labeled with the injected anti-G4/L1, as shown in A. (C) A higher power
view of another section through the injected limb of the same embryo, showing that anti-G4/L1 has bound to and intensely labels spinal
nerves LS2 and LS3 as they join the crural plexus (arrow). Spinal nerve LS1 is not present in this section. The ramus from LS3 to the
sciatic plexus (arrowhead) is also intensely labeled. (D) A similar view of the contralateral limb, taken under conditions identical to those
in C, showing that anti-G4/L1 labeling is not detectable. Hence, the injected anti-G4/L1 antibody did not spread contralaterally in this
particular embryo. The position of the crural nerve trunk, as determined by labeling with the anti-neuro®lament antibody, is indicated
with arrows. The red ¯uorescence in this photomicrograph is due to auto¯uorescing red blood cells. For all four photomicrographs, anterior
is to the left, and proximal is toward the top. Calibration bar, 500 mm for A and B, 200 mm for C and D.
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In embryos injected with endo N, PSA was removed from
neuronal and muscle surfaces, as indicated by the absence
of staining with 5A5, from at least 2 hr to 2 days following
injection. This is consistent with previous reports that a
single injection of endo N completely removes PSA from
the limb for at least 4 days (Tang et al., 1992, 1994). As with
the anti-CAM injections, some loss of PSA was occasionally
observed in the contralateral limb.
Development of the Overall Nerve Pattern in the
Limb
As a ®rst step in examining sensory projections, we used
double anterograde labeling to assess the overall nerve pat-
tern in a series of embryos injected with anti-G4/L1 or with
anti-NCAM and allowed to develop to St. 29±30. In all
FIG. 2. Schematic drawing of the nerve pattern in the anteriorthe embryos examined, peripheral nerves developed in their
part of the chick hindlimb, showing the dorsal component of the
normal positions and followed normal trajectories. Some crural plexus and the peripheral nerves that arise from it. Numbers
sensory axons formed cutaneous nerves while other sensory 1±3 indicate the ®rst three lumbosacral spinal nerves. The last
axons projected along muscle nerves. Thus, perturbing G4/ thoracic spinal nerve, T7, contributes to the crural plexus in some
L1 or NCAM function did not grossly affect the outgrowth embryos, but this is not shown. Projections along the medial femo-
of sensory axons along peripheral nerve pathways in the ral cutaneous nerve (M.F.Ct) or along the sartorius muscle nerve
(Sart) were examined. The other peripheral nerves arising from thelimb. Furthermore, each DRG sent axons along the same
dorsal component of the crural plexus are the lateral femoral cuta-subset of peripheral nerves as it does in normal embryos
neous (L.F.Ct), femorotibialis (Fem), anterior iliotibialis (A.Itib),(Honig, 1982; Scott, 1982), suggesting that the segmental
and deep dorsal (D.D.) nerves. Anterior is to the left, proximal ispattern of projections was generally appropriate in the anti-
toward the top.CAM-injected embryos.
The Segmental Pattern of Sensory Neuron spread of the injected antibody/enzyme to the contralateral
Projections limb might lead us to underestimate the true magnitude of
the effects it actually produced.To assess the segmental pattern of projections in more
detail, we turned to retrograde labeling, which allows pro- There was no difference in projections along the MFCt
nerve in limbs injected with Fab fragments of nonimmunejection patterns to be precisely quanti®ed. We labeled either
the MFCt nerve, to examine cutaneous sensory projections, rabbit immunoglobulin compared to the contralateral side
(n  7; Fig. 3B). Thus, the injection procedure itself didor the sartorius muscle nerve, to examine muscle sensory
projections (see Fig. 2). not interfere with the development of a normal segmental
pattern of sensory projections.Projections along the medial femoral cutaneous nerve.
In normal embryos, the MFCt nerve receives a major contri- Anti-G4/L1 injection resulted in a marked decrease in the
projection from DRG LS1 to the MFCt nerve (Fig. 3C). Inbution from sensory neurons in DRG LS2 and smaller con-
tributions from sensory neurons in DRGs LS1 and LS3. Al- limbs injected with anti-G4/L1, the average DRG LS1 con-
tribution was decreased to roughly half that on the contra-though there is considerable variation in these contribu-
tions from embryo to embryo, projections on the two sides lateral side (to 11% from 20%, P 0.021, n 9). Associated
with the decrease in the DRG LS1 contribution, there wereof individual control embryos were found to be very similar.
For example, for the three normal embryos examined here, corresponding increases in the contributions of DRGs LS2
and LS3 that did not reach statistical signi®cance, probablythe contribution of the DRG that varied the most, DRG
LS1, ranged from 2.6 to 41%, while the difference in the because the increase was split between the two segments.
Anti-N-cadherin resulted in similar alterations in projec-DRG LS1 contribution between the two sides of the three
embryos ranged only between 0.6 and 5.3%. As a conse- tions along the MFCt nerve (Fig. 3D). In the anti-N-cad-
herin-injected limbs, the average DRG LS1 contributionquence, the average contribution of each DRG was nearly
identical for the two sides. This allowed us to focus on was decreased by two-thirds in comparison to the contralat-
eral limb (6.2% versus 18%, P  0.026, n  5). There wascomparisons between the two sides of each kind of experi-
mental embryo. Therefore, the results (Fig. 3) are presented a corresponding increase in the DRG LS2 contribution, but
it did not reach statistical signi®cance.as the difference between the average contribution of each
DRG in the injected limbs and the average contribution of In contrast to anti-G4/L1 and anti-N-cadherin, anti-
NCAM did not appear to alter the segmental pattern ofthe corresponding, contralateral DRG. It should be noted
that, in this representation of the results, the occasional projections (Fig. 3E). The average contributions of DRGs
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FIG. 3. Sensory projections along the medial femoral cutaneous nerve. The MFCt nerve was labeled on both sides of several series of
embryos and retrogradely labeled sensory neurons were later counted. For each embryo, the number of labeled cells in each DRG was
expressed as a percentage of the total number of labeled sensory cells, on that side of the embryo. The mean percentage { the standard
error for each group of normal or experimental limbs was calculated and used to determine whether there was a statistically signi®cant
difference (P  0.05) between the percentage contribution from a particular DRG in the injected and the contralateral limbs, for a given
experimental group, as is indicated by an asterisk. The values graphed are the differences between the average contribution of each DRG
in the injected limbs and the average contribution of the corresponding DRG on the contralateral side. For the normal embryos, the values
graphed in A are the differences between the average contributions of corresponding DRGs on the two sides. Note that the contributions
on the two sides were nearly identical. In the normal embryos, the average contribution of DRG LS1 was 19%, that of DRG LS2 was
70%, and that of DRG LS3 was 11%. DRGs T7 and LS4 sometimes made small contributions to the MFCt, but for simplicity these are
not shown. Injections of anti-G4/L1 or of anti-N-cadherin produced a signi®cant decrease in the DRG LS1 contribution to the MFCt,
while injections of endo N produced a signi®cant increase in the DRG LS3 contribution.
LS1±3 to the MFCt nerve were similar on the two sides of 17% on the contralateral side (P  0.027, n  3; Fig. 3F).
The average DRG LS1 contribution was decreased by overthe anti-NCAM-injected embryos (n  6).
Endo N injection resulted in a nearly twofold increase in one-half to 8.6% (from 20%). Although this change in the
DRG LS1 contribution was comparable in size to that foundthe DRG LS3 contribution to the MFCt nerve, to 32% from
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FIG. 4. Sensory projections along the sartorius muscle nerve. The sartorius nerve was labeled on both sides of normal and experimental
embryos and retrogradely labeled neurons were later counted. For each embryo, the number of labeled cells in each DRG was expressed
as a percentage of the total number of labeled DRG cells on that side of the embryo. The mean percentage { the standard error for each
group of normal or experimental limbs was calculated and used to determine whether there was a statistically signi®cant difference (P
 0.05) between the percentage contribution from a particular DRG in the injected and the contralateral limbs as is indicated by an
asterisk. For the anti-G4/L1-injected embryos, the values graphed are the differences between the average contribution of each DRG in
the injected limbs and the average contribution of the corresponding DRG on the contralateral side. For the normal embryos, the values
graphed are the differences between the average contributions of corresponding DRGs on the two sides; note that these were nearly
identical. In the normal embryos, the average contribution of DRG T7 was 1%, that of DRG LS1 was 64%, and that of DRG LS2 was
34%. DRG LS3 sometimes made a small contribution to the sartorius, but for simplicity this is not shown. Injecting anti-G4/L1 into the
limb altered the segmental pattern of sensory projections such that nearly all sensory neurons projecting to the sartorius were located in
DRG LS1.
in the anti-G4/L1- and anti-N-cadherin-injected limbs, it N-injected limbs was less than that contralaterally (6.3%
versus 12%, P  0.011), for reasons that are unclear butwas not statistically signi®cant (P 0.074), presumably be-
cause of the smaller sample size. may be related to the small sample size (n  3). Thus, these
results con®rmed our assumption that injecting anti-CAMsProjections along the sartorius muscle nerve. The sar-
torius muscle nerve in normal embryos receives major con- or endo N at St. 25, after motoneuron axons had sorted out
within the plexus, would not interfere with the ability oftributions from sensory neurons in DRGs LS1 and LS2, with
smaller contributions from DRGs T7 and LS3. As with the motoneurons to project correctly.
Injections of nonimmune rabbit Fab (n  5), anti-N-cad-MFCt nerve, we found considerable variation in projections
among embryos but little variation between the two sides herin (n  6), anti-NCAM (n  4), or endo N (n  3) also
did not appear to alter muscle sensory projections in thatof individual embryos. For example, the DRG LS1 contribu-
tion to the sartorius ranged from 42 to 87% for the four the segmental pattern of sensory projections along the sarto-
rius nerve on the injected side was not statistically differentnormal embryos examined, but the difference between the
DRG LS1 contribution from the two sides ranged only from than on the contralateral side (data not shown). However,
in limbs injected with nonimmune rabbit Fab, anti-N-cad-0.2 to 3.0%. Further, the average contributions from corre-
sponding DRGs on the two sides of the normal embryos herin, or anti-NCAM, the DRG LS1 contribution was some-
what increased and the DRG LS2 contribution was some-were nearly identical (Fig. 4A).
As the sartorius muscle nerve is a mixed nerve, with both what decreased. The fact that similar changes were seen in
each of these three situations suggests that making repeatedsensory and motor components, labeling it allowed us to
assess not only the pattern of muscle sensory projections, injections into the thigh may have a small, nonspeci®c ef-
fect on muscle sensory projections.but also the pattern of motoneuron projections. Injections
of anti-CAMs, endo N, or nonimmune Fab did not de- In contrast, injection of anti-G4/L1 produced a dramatic
change in the pattern of muscle sensory projections, so thattectably alter motoneuron projections along the sartorius
muscle nerve (data not shown). In each case, the retro- sensory projections to the sartorius muscle were derived
nearly exclusively from a single DRG, DRG LS1 (Fig. 4B).gradely labeled motoneuron cell bodies were located in the
appropriate medio-lateral position within the lateral motor For the six such limbs examined, the contribution from
DRG LS1 was increased to 91%, from 78% on the contralat-column, with only a small amount of scatter in motoneuron
localization which was similar in extent to that found in eral side (P  0.025). Further, the contribution of DRG LS1
exceeded 90% in four of the anti-G4/L1-injected limbs,normal embryos (Landmesser, 1978a,b). In addition, the seg-
mental patterns of motoneuron projections in the injected reaching 99% in one limb, whereas the largest contribution
from DRG LS1 we have ever found in normal embryos islimbs were similar to those in the contralateral limbs. The
only exception found was that the T7 contribution in endo 87%. The contribution of DRG T7 in the anti-G4/L1-in-
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jected limbs was correspondingly reduced to one-third of contralaterally (Fig. 5). A ®nal prediction would be that the
changes in projection patterns should be smaller at laterthat found contralaterally (6.8% versus 18%, P  0.0001).
It is important to note that these changes were different developmental stages in that axons from the more distant
segments would have had additional time to grow to thethan the nonspeci®c effects described in the previous para-
graph. Despite the considerable change in sensory projec- RDA injection site. This also was not observed, at least over
the range of stages examined here; for example, changestions, motoneuron projections were nearly identical on the
two sides of the anti-G4/L1-injected embryos. Thus, anti- in the sensory projection to the sartorius after anti-G4/L1
injection were not greater at St. 32±33 than at St. 30±31.G4/L1 injection resulted in the sensory projection to the
sartorius muscle arising almost solely from DRG LS1, while Thus, the altered projection patterns cannot be simply ex-
plained by a slower rate of axonal outgrowth, but ratherthe motoneuron projection remained more spread over sev-
eral adjacent segments, as in normal embryos. Interestingly, appear to result from some sensory axons growing along
inappropriate peripheral nerves.the DRG LS1 projection to the sartorius on the contralateral
side of the anti-G4/L1-injected embryos was signi®cantly
larger than in normal embryos (78% versus 64%, P 0.006).
However, whether this represents a similar but less dra- DISCUSSION
matic narrowing of the sensory projection into a single seg-
ment, due to possible spread of the antibody to the contra- In these experiments, we have perturbed the function of
CAMs in order to assess how interactions of sensory growthlateral limb, or simply variation among embryos is unclear.
cones with other growing axons can affect their navigational
abilities. By starting these perturbations at St. 25, when
motoneuron axons have already reached the plexus andEffects of More Frequent/Earlier Antibody
sorted out into nerve-speci®c bundles (Lance-Jones and Lan-Injections
dmesser, 1981; Tosney and Landmesser, 1985), we created
an experimental situation in which motoneurons were ableIn a series of experiments using anti-G4/L1, we tested
whether injecting the antibody more frequently (twice a day to project correctly. In contrast, sensory axons, most of
which have not yet entered the plexus at St. 25 (Landmesserfor a total of four injections) and/or starting the injections
at St. 24 would produce larger changes. The effect on the and Honig, 1986), were still vulnerable to perturbation.
We found, with each experimental condition, that indi-segmental pattern of sensory projections was not signi®-
cantly greater in these embryos than in the embryos that vidual peripheral nerves always developed in their normal
positions, were roughly normal in caliber, and followed nor-had received two injections of anti-G4/L1 starting at St. 25
(data not shown). (In fact, the data from all the anti-G4/L1- mal trajectories. Sensory neurons still sent axons along cu-
taneous nerves and still projected to muscles. The latterinjected embryos had been combined to generate the graphs
in Figs. 3C and 4B). Thus, it is likely that the extent of the result is of particular interest in view of the fact that sensory
axons are unable to project to muscles when motoneuronsblockade of G4/L1 function was suf®cient to yield optimal
effects on the sensory axons. Further, there was little differ- are removed before axons grow into the limb, leading us to
propose that motoneuron axons may normally guide sen-ence between starting the injections at St. 24 or at St. 25.
sory axons to muscles (Landmesser and Honig, 1986). The
present results indicate that this guidance does not depend
on G4/L1, N-cadherin, or NCAM functioning individually.Are the Altered Projection Patterns Due to Slower
However, we cannot rule out the possibility that this guid-Axonal Outgrowth?
ance depends on multiple CAMs operating in concert and/
or on events occurring before we blocked CAM function.In principle, the altered sensory projections could have
resulted from a decrease in the rate of axonal outgrowth Recent studies using immuno¯uorescence procedures
(Honig, unpublished observations) have revealed that cuta-into the limb (see Discussion). To examine this possibility,
we tested several predictions concerning the actual num- neous and muscle nerves ®rst form at St. 25, one stage
earlier than previously shown using anterograde HRP label-bers of labeled neurons. First, if axonal outgrowth was
slower in the injected limbs, the total number of sensory ing (Lance-Jones and Landmesser, 1981; Honig, 1982; Tos-
ney and Landmesser, 1985). Accordingly, only injectionsneurons contributing to a speci®c nerve should always be
less for those limbs than for the contralateral or normal carried out well before this stage, when sensory axons ®rst
enter the spinal nerves and before they sort out in thelimbs. This was not in fact observed. Second, if slower axo-
nal outgrowth was responsible for the altered projection plexus, might be expected to prevent the formation of indi-
vidual peripheral nerves.patterns, there should be fewer labeled sensory neurons in
the most distant DRG but no change in the number of Although the overall nerve pattern developed normally,
injection of anti-G4/L1, anti-N-cadherin, or endo N resultedlabeled sensory neurons in the most proximate DRG. To
the contrary, we found that when sensory projections were in signi®cant changes in the speci®city of that innervation,
that is, in the segmental pattern of sensory projections, asaltered, the number of labeled sensory neurons in the more
proximate DRG on the injected side could exceed that found discussed below.
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FIG. 5. The segmental pattern of sensory projections along individual peripheral nerves, expressed as the number of labeled sensory
neurons in each DRG. Either the MFCt nerve or the sartorius muscle nerve was labeled, as indicated, and retrogradely labeled sensory
neurons were later counted. Data were plotted from selected experimental embryos in which the total number of labeled sensory neurons
were closely matched for both limbs. Those numbers were as follows: (A) 2494 contralateral, 2391 injected; (B) 2538 contralateral, 2342
injected; (C) 2581 contralateral, 2679 injected; (D) 541 contralateral, 498 injected. Note that there were fewer labeled sensory neurons in
the most distant DRG (LS1 in the case of the MFCt nerve, T7 in the case of the sartorius nerve) in the injected limb than in the contralateral
limb, but more labeled neurons in the most proximate DRG (LS3 for the MFCt nerve, LS1 for the sartorius nerve). Thus, in these
experimental situations, some sensory axons projected along inappropriate peripheral nerves.
The Segmental Pattern of Sensory Projections in from LS1 axons, which have to cross from the anterior part
Limbs Injected with Anti-CAMs of the plexus to the posterior part in order to reach the
MFCt nerve, was diminished. In terms of the projections of
In limbs injected with anti-G4/L1, the LS1 projection to
individual sensory axons, these changes were substantial.the MFCt nerve was signi®cantly decreased, while the pro-
For the anti-N-cadherin-injected limbs, for example, nearlyjection to the sartorius from DRG LS1 was greatly in-
two-thirds of the sensory neurons in DRG LS1 that nor-creased, so that this one segment almost completely domi-
mally project along the MFCt nerve failed to do so.nated the sensory projection to the sartorius. In limbs in-
There are two major mechanisms by which projectionjected with anti-N-cadherin, sensory projections to the
patterns may have been altered. First, the rate of axonalMFCt nerve were altered in a similar way, while the sensory
growth could have been decreased, due to direct effects ofprojection to the sartorius remained normal. In contrast,
the anti-CAMs on neurite outgrowth (Chang et al., 1987;injections of either anti-NCAM or nonimmune Fab had no
Lagenaur and Lemmon, 1987; Bixby and Zhang, 1990; Doh-signi®cant effect. Thus, interactions mediated by G4/L1
erty et al., 1991) and/or to alterations in axon±Schwannand by N-cadherin, but not by NCAM, speci®cally in¯u-
cell interactions (Bixby et al., 1988; Letourneau et al., 1990,ence the ability of sensory axons to project along the correct
1991; Seilheimer and Schachner, 1988). In this scenario, LS1peripheral nerves.
axons, which have the furthest to grow to reach the MFCtIn the presence of anti-G4/L1 or anti-N-cadherin, projec-
nerve, for example, may have made a smaller contributiontions were altered in such a way that contributions were
to the MFCt nerve because they had not yet reached thedecreased from DRGs whose axons have to cross the plexus
(Fig. 6). For example, the contribution to the MFCt nerve site of RDA injection. However, we did not ®nd any clear
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herin is expressed at higher levels on sensory axons than on
motoneuron axons (Hatta et al., 1987; Honig, unpublished
observations), while G4/L1 is heavily expressed on both
types of axons (Thiery et al., 1985; Daniloff et al., 1986;
Honig, unpublished observations). Anti-N-cadherin and
anti-G4/L1 may both cause sensory axons to defasciculate
from one another, but only anti-G4/L1 may cause sensory
axons to defasciculate from motoneuron axons. As cuta-
neous sensory axons tend to be clustered together (Honig
and Frase, 1995), both anti-G4/L1 and anti-N-cadherin may
FIG. 6. Schematized view of the nerve pattern in the anterior disrupt this clustering and thereby alter cutaneous sensory
part of the chick hindlimb, illustrating how anti-G4/L1, anti-N- projections. In contrast, muscle sensory axons and moto-
cadherin, and endo N may alter the segmental pattern of sensory neuron axons tend to be intermixed (Honig and Frase, 1995),
projections, as shown by the pattern of projections from DRG LS3.
so that anti-G4/L1 but not anti-N-cadherin may affect theseAnterior is to the left, proximal is toward the top. (A) In normal
associations and therefore only anti-G4/L1 would alterembryos, some axons from DRG LS3 cross from the posterior to
muscle sensory projections.the anterior side of the crural plexus to project along anteriorly
Injections of anti-NCAM antibodies did not interferesituated peripheral nerves, but most DRG LS3 axons maintain their
with the ability of sensory axons to form a normal segmen-posterior position and project along posteriorly situated nerves. (B)
Anti-G4/L1 and anti-N-cadherin cause sensory axons to defascicu- tal pattern of projections. Blocking NCAM function may
late, which in turn may impede their ability to travel across the not decrease fasciculation because the NCAM present on
plexus. DRG LS3 axons that are unable to cross the plexus would limb-innervating axons at these stages is heavily sialylated
project along posteriorly situated peripheral nerves. (C) By remov- (Landmesser et al., 1990; Tang et al., 1992; Honig, unpub-
ing PSA from NCAM, endo N enhances fasciculation. This in turn lished observations); that is, the amount of NCAM-medi-
may force sensory axons to track along neighboring axons, which
ated adhesion may already be at a very low level (Hoffmanwould tend to already be arranged in a topographic manner in the
and Edelman, 1983; Rutishauser et al., 1985). Alternatively,plexus. As a consequence, sensory axons would project along pe-
fasciculation may be diminished but to such a small extentripheral nerves more in accord with the relative anterior±posterior
that it does not interfere with the ability of sensory axonspositions they had when they entered the plexus and would be less
to navigate through the plexus and choose the appropriatelikely to travel across it.
peripheral nerves.
evidence that axonal growth was slower in anti-CAM-in- The Segmental Pattern of Sensory Projections in
jected limbs. Moreover, the number of neurons projecting Limbs Injected with Endo N
along a peripheral nerve from a more proximate DRG, with
a shorter distance to grow (LS3 in the case of the MFCt While anti-NCAM did not alter sensory projections, re-
moving PSA from NCAM had signi®cant effects. It isnerve), was sometimes greater than normal. That some of
these sensory axons must have projected along an inappro- known that removal of PSA from NCAM on axons can
increase fasciculation (Rutishauser et al., 1985; Landmesserpriate peripheral nerve cannot be readily explained by a
decrease in axonal growth rate. et al., 1990; Acheson et al., 1991). In particular, culturing
DRG explants in the presence of endo N increases theA second and more likely possibility is that projections
were altered because of a decrease in the extent of fascicula- amount of bundling between growing neurites (Rutishauser
et al., 1985). Such an increase in fasciculation could resulttion between axons in the anti-G4/L1- and the anti-N-cad-
herin-injected limbs. In the presence of antibodies that in sensory axons having a greater than normal tendency to
maintain their relative anterior±posterior positions as theyblock G4/L1 function, cultured DRG neurites defasciculate
(Hoffman et al., 1986). Antibodies against N-cadherin may course through the plexus. This would be analogous to the
situation where motoneuron axons follow ``straighter''also disrupt fasciculation (Drazba and Lemmon, 1990; Re-
dies et al., 1992), although this has not been carefully exam- courses than they normally do, when endo N is injected
into the hindlimb at earlier times in development (St. 17±ined for DRG neurons. The extent of fasciculation could
potentially in¯uence axonal trajectories in vivo. For exam- 20; Tang et al., 1994). For sensory axons, this effect would
explain why the LS3 contribution to the MFCt nerve wasple, a sensory axon's ability to cross the plexus may be
enhanced by its growing along a motoneuron axon that is increased while the LS1 and LS2 contributions were de-
creased. On the other hand, enhanced fasciculation betweenalso crossing or has already crossed the plexus, and/or by
its coursing as part of a bundle of sensory axons rather than neighboring axons would not necessarily be expected to al-
ter muscle sensory projections. That is, muscle sensory ax-as a single axon. One reason we favor this possibility is
that it explains why anti-G4/L1 altered both cutaneous and ons are most likely to contact motoneuron axons that have
the same segmental origin (Honig and Frase, 1995), andmuscle sensory projections whereas anti-N-cadherin altered
only cutaneous and not muscle sensory projections. N-cad- thus, with enhanced fasciculation, the segmental pattern of
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muscle sensory projections would still resemble the pattern tions in the younger embryos studied here, in which it was
too early for cell death to have already removed large num-of motoneuron projections, as it does in normal embryos.
When considered together, it might seem paradoxical that bers of incorrectly projecting sensory neurons (Hamburger
et al., 1981), were not any more severely altered than thoseincreased fasciculation produced by endo N and defascicula-
tion produced by some anti-CAMs could result in similar in the older embryos studied.
We believe there are two explanations why projectionstypes of changes in the segmental pattern of sensory projec-
tions. This apparent inconsistency can be explained by tak- were not more severely perturbed. First, it is possible that
the path®nding abilities of sensory axons are governed and/ing into account several aspects of the temporal and spatial
pattern of the normal development of axonal projections in or constrained by associations sensory axons establish
among themselves and with motoneuron axons as theythis system. First, although many sensory axons had not
yet reached the plexus by the time we began to alter CAM travel in the spinal nerves, before they even enter the
plexus. This possibility will be tested in the future by per-function, recent results suggest that the general topography
of axons in the spinal nerves and plexus may already be turbing CAM function at an earlier stage of development.
Second, sensory axon path®nding is likely to be governedestablished (Honig and Frase, 1995). Second, although some
axons normally cross the plexus, the majority of axons by multiple molecules and mechanisms. The array of CAMs
expressed on growing axons appear to act in concert to en-maintain their relative anterior±posterior positions as they
course from the spinal nerves and through the plexus sure that axons project correctly (Bixby et al., 1987, 1988;
Elkins et al., 1990; Jay and Keshishian, 1990; Lin et al.,(Lance-Jones and Landmesser, 1981; Honig, 1982). Accord-
ingly, as schematized in Fig. 6, enhancement of fascicula- 1994). As they enter the limb, chick sensory axons express
not only G4/L1, N-cadherin, and NCAM, but also SC1/DM-tion may force many of the later-growing sensory axons to
track along neighboring axons, the majority of which would GRASP, axonin-1, R-cadherin, and NrCAM (Tanaka and
Obata, 1984; Ruegg et al., 1989; Pourquie et al., 1990; Burnsalready be arranged in a topographic manner in the plexus
and some of which may be inappropriate. On the other hand, et al., 1991; El-Deeb et al., 1992; Redies et al., 1992; Krushel
et al., 1993; Halfter et al., 1994; Honig and Kueter, 1995), alldefasciculation should cause sensory axons to travel in
looser and/or smaller bundles than they do normally, as of which may in¯uence axonal interactions. Furthermore,
other kinds of molecules, such as those mediating repulsiveobserved in tissue culture (e.g., Hoffman et al., 1986) and
in intramuscular nerve branches (Landmesser et al., 1988), interactions (Luo et al., 1993), may act in conjunction with
CAMs in regulating how sensory growth cones interactwith some sensory axons perhaps even traveling singly.
However, sensory axons would still be constrained by the with other axons. Finally, additional factors, for example,
cues along nerve pathways and emanating from target tis-thousands of motoneuron axons already resident in the
plexus, and so it is unlikely that they would spread diffusely sues (e.g., Lance-Jones and Dias, 1991; Honig and Zou, 1995)
are clearly involved in path®nding. Thus, as with axons inthroughout the entire plexus. In this situation, almost all
sensory axons would project topographically because many other developing systems, limb-innervating sensory axons
must use multiple mechanisms and cues to ®nd their tar-of them are able to project as they normally do and because
those sensory axons that normally cross the plexus are im- gets and, as we have shown here, CAM-mediated axonal
interactions represent one such mechanism.peded from crossing when they cannot fasciculate, as ex-
plained previously, and are forced to project along nearby
peripheral nerves. Thus, the similar net effects of increased
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